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M. Carena, I. Low and C.E.M. Wagner, to appear

Wednesday, May 2, 2012



We are leaving in exciting times:

LHC and Tevatron Experiments are starting to test    
the SM Higgs above the LEP limit, leading to interesting 
exclusion bounds on its mass.

Strong limits are being set on a moderately heavy 
SM-like Higgs. 

A light SM-like Higgs, is beginning to be probed  by 
present data.  

15

Upper Limits on BEH Boson Production

! 95% C.L. upper limits on SM Higgs boson production at the Tevatron

! Expected exclusion:   100 < M
H
 < 120 GeV       141 < M

H
 < 184 GeV

! Observed exclusion:  100 < M
H
 < 106 GeV        147 < M

H
 < 179 GeV
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Combined exclusion limit

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV
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Let’s recall how the limits are derived:

     they are derived from a combination of 8 different channels for CMS

and 7 channels for ATLAS.

Let’s recall how the limits are derived:

     they are derived from a combination of 8 different channels for CMS

and 7 channels for ATLAS.

Higgs Limits at the LHC obtained by combination
of multiple channels

Wednesday, May 2, 2012



Zoom on the low Higgs Mass

If the Higgs is SM-like, mass range between 115 GeV and 130 GeV 
is preferred both from direct searhes as well as from indirect precision 
tests.  Interesting excess in the region of Higgs masses close to 125 GeV.

95% CL exclusion on the signal strength 
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ABCD+)D**E&Combined exclusion limit

Zoom in:

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 21/24
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Figure 8: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis for

the H → γγ (a), the H → ZZ(∗) → !+!−!+!− (b) and H → WW (∗) → !+ν!−ν (c) individual channels.

The µ value indicates by what factor the SM Higgs boson cross-section would have to be scaled to best

match the observed data. The light-blue band shows the approximate ±1σ range.

15

The photon rate looks somewhat high at this point, but more data are 
necessary in order to reach a robust conclusion on this relevant issue

H → WW
(∗) → �ν�ν: Background compatibility

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 35/24
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Lightest SM-like Higgs mass strongly depends on: 

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and 
quartic dep. on the stop mixing parameter  Xt.  [ and on sbotton/stau sectors for large tanbeta] 

For moderate to large values of tan beta and large non-standard Higgs masses  

Analytic expression valid for  MSUSY~ mQ ~ mU 

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 

*the stop masses and mixing 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.
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Standard Model-like Higgs Mass

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.’00

Xt = At − µ/ tanβ, Xt = 0 : No mixing; Xt =
√

6MS : Max. Mixing

Long list of two-loop computations:  Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling, 
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, Zwirner

mt = 180 GeV.
For mt = 173 GeV,
the maximum mh

shifts to 127 GeV.

SM-like MSSM Higgs Mass 

At~2.4 MS 

At=0 

2 -loop corrections:      

Many contributions to two loop corrections computations:  
Brignole, M.C., Degrassi,  Diaz, Ellis, Haber, Hempfling, Heinemeyer, Hollik, Espinosa,  Martin, 
 Quiros, Ridolfi, Slavich,  Wagner, Weiglein, Zhang, Zwirner, …  

M.C, Haber, Heinemeyer,  
Hollik,Weiglein,Wagner’00 

! 

mh "130 GeV
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for positive AtM3 [18].

There are additional contributions to Eq. (1) that come from the sbottom and slepton

sectors which can be important at large values of tan β. The sbottom corrections are always

negative and are given by

∆m2
h � −h4

bv
2

16π2

µ4

M4
SUSY

�
1 +

t

16π2
(9h2

b − 5
m2

t

v2
− 64πα3)

�
, (4)

where the bottom Yukawa coupling hb is given by

hb �
mb

v cos β(1 + tan β∆hb)
, (5)

and ∆hb is a one-loop correction whose dominant contribution depends on the sign of µM3 [30,

31, 32]. Positive values of µM3 tend to reduce the Yukawa coupling which therefore reduces

the negative sbottom effect on the Higgs mass, while negative values of µM3 enhance the

Yukawa coupling and may diminish the Higgs mass for large values of tan β.
Similarly, the corrections from the slepton sector are,

∆m2
h � −h4

τv
2

48π2

µ4

M4
τ̃

, (6)

where Mτ̃ has been identified with the characteristic stau spectrum scale and we have ignored

the logarithmic loop corrections. The τ Yukawa coupling, hτ , is given by

hτ � mτ

v cos β(1 + tan β∆hτ )
, (7)

2

gets [8]

m2
h � M2

Z cos
2
2β +

3

4π2

m4
t

v2

�
1

2
X̃t + t+

1

16π2

�
3

2

m2
t

v2
− 32πα3

��
X̃tt+ t2

��
, (1)

where

t = log
M2

SUSY

m2
t

. (2)

The parameter X̃t is given by

X̃t =
2Ã2
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Corrections from the sbottom sector :  
Negative contributions to the Higgs mass
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appear from the stau sector
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Figure 1: Values of the stop mixing parameter At necessary to produce a Higgs mass of about

125 GeV in the plane of the left- and right-handed stop soft supersymmetry breaking

mass parameters, mQ3 , mu3 for µ = 650 GeV and tanβ = 10 (left panel) and tanβ = 60,

for which stau effects are relevant (right panel).

electroweak observables. We shall also discuss the corrections to the muon anomalous magnetic
moment in this region of parameters. In section 3 we concentrate on the predictions for the
Dark Matter relic density. In section 4 we study the renormalization group evolution of
the supersymmetry breaking parameters, and study the constraints on the messenger scale
obtained from the requirement of demanding flavor universality of the scalar mass parameters
at this scale. In section 5 we concentrate on possible searches of light staus, with sizable left-
and right-handed components, at the LHC. We concentrate on the searches for pairs of staus
as well as the associated production of staus and sneutrinos, since these are the channels that
would probe this scenario independently of the mass of other supersymmetric particles. We
reserve section 6 for our conclusion.

2 Third Generation Sfermion Properties

A modification of the branching ratio of the Higgs decay into photons can be obtained through
the presence of light third generation squarks, in the presence of large mixing. However, in
general such a modification is overcompensated by a decrease of the gluon fusion production
rate [44]–[46], and hence for stops in the TeV scale, the production of photons in association
with Higgs production tends to be reduced. One could also consider the possibility of increasing
the gluon fusion production cross section. However, such an enhancement that is obtained
in the presence of third generation squarks with small mixing, tends to lead to a suppression
of the branching ratio of the Higgs decay into two photons [69]. Therefore, the W+W− and
ZZ production rate tends to be enhanced more than the γγ one, in clear disagreement with
current LHC results.

2

Soft supersymmetry Breaking Parameters

Light staus of mass 100 GeV at tanβ = 60,
mL3 = mE3 = 270 GeV, µ = 650 GeV

Gain in tree-level mass in going from tanβ = 10
to tanβ = 60 compensated by light stau effects

Stop mixing parameter At ≥ 1300 GeV.
No hard bound on the lightest stop mass.

Both stops can have masses below 1 TeV
or one can be light and the other rather heavy.
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Figure 1: Contour plots of the Higgs mass in the mQ3–mu3 plane, for different values of At and

tanβ. The stau soft masses have been fixed at m2
L3

= m2
e3 = (350 GeV)

2
, while µ = 1030

GeV and Aτ = 500 GeV, leading to a lightest stau mass of about 135 GeV for tanβ = 60.

The lightest stop masses are overlaid in dashed black lines.

4

Light staus with larger soft breaking parameters
Stop spectrum and a 125 GeV Higgs boson

M. Carena, S. Gori, N. Shah, C.W.,  arXiv:1112.3336

Light staus and large mixing at tanβ = 60.

Large values of At preferred.

No hard bound on the lightest stop mass.

where DL and DR are the D-term contributions to the slepton masses [1]. Another condition
that must be fulfilled is that the lightest stau is rather light, with a mass close to the LEP
limit. For instance, for a value of m2

L3
� m2

e3 � (350 GeV)2, Aτ � 500 GeV, these conditions
may be achieved for µ � 1 TeV and tan β � 60. For these values

BR(h → γγ) � 1.5 BR(h → γγ)SM (15)

may be obtained, together with no relevant effects in the Higgs gluon fusion production rate.
The dependence of σ(gg → h) × BR(h → γγ) in the mL3–mE3 parameter space, for

µ = 1030 GeV, Aτ = 500 GeV, as well as in themL3–µ parameter space formL3 = me3 is shown
in Fig. 4. Solid lines represent contours of equal photon rate, normalized to the SM value.
Dashed lines represent contours of equal values of the lightest slepton mass. The squark sector
was fixed at mQ3 = mu3 = 2 TeV and At = 2 TeV for tan β = 10 and mQ3 = mu3 = 1.5 TeV ,
At = 2.5 TeV, for tan β = 60, consistent with a Higgs mass of about 125 GeV. We have
checked, however, that the results are insensitive to the exact value of the Higgs mass in the
123 GeV–127 GeV range. For tan β = 10 (top panels in the figure) the stau mixing is small
and no enhancement is observed in the total photon rate associated with Higgs production.
On the contrary, for large values of tan β (bottom panels in the figure), for which the mixing
is relevant, a clear enhancement is observed in the region of parameters leading to light staus,
close to the LEP limit. As emphasized above, enhancements of the order of 50% in the total
photon rate production may be observed. The production rate of weak gauge bosons, instead,
as well as the branching ratio of the Higgs decay into bottom quarks, remain very close to the
SM one.

Let us mention in closing that large values of Aτ and moderate values of mA can lead to
a suppression of the width of the Higgs decay into bottom quark via Higgs mixing effects,
Eq. (11), and a subsequent enhancement of the photon and weak gauge boson production
rates. For instance, for tan β = 60, Aτ � 1500 GeV, mA � 700 GeV, µ = 1030 GeV and
me3 = mL3 = 340 GeV, one obtains a lightest stau mass of order 106 GeV, and

σ(gg → h)

σ(gg → h)SM

BR(h → γγ)

BR(h → γγ)SM
= 1.96

σ(gg → h)

σ(gg → h)SM

BR(h → V V ∗)

BR(h → V V ∗)SM
= 1.25 (V = W,Z) (16)

while BR(h → bb̄) � 0.8BR(h → bb̄)SM. The LHC and the Tevatron colliders will be able to
test these possible variations of the Higgs production rates in the near future.

4 Conclusions

The MSSM provides a well motivated extension of the SM, in which for a supersymmetric
spectrum of the order of 1 TeV, the SM-Higgs mass remains below 130 GeV. Recent results
from the LHC are consistent with the presence of a SM Higgs with a mass of about 125 GeV
and a photon production rate that is similar or slightly larger than the SM one. This Higgs
mass range is consistent with the presence of stops in the several hundred GeV range and a
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What does a 125 GeV SM-like Higgs imply for SUSY? 

•  Focus Point SUSY ! SUSY scenario with heavy scalar super-partners 
For sizeable tanbeta and mt ~ 170 -175 GeV, the Higgs mass parameter becomes 
 insensitive to the squark mass parameter ! no fine tuning necessary for heavy squarks  

 Good agreement with  
null results for SUSY searches :(  

also with EDM’s, B observables, 
 DM density, DM  

and (g-2 of the muon)  

Feng, Matchev, Sanford tanbeta=50 

Alternative :  Very heavy scalars

Feng, Matchev, Sanford’11
Kane, Kumar, Lu, Zheng’11
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What does a 125 GeV SM-like Higgs imply for SUSY? 

•  Gauge mediation SUSY breaking  Draper, Meade, Reece, Shih 

 If SUSY partners at the reach of LHC 
 ! Severe restrictions on the scale that SUSY is transmitted, Mmess,  

( Mmess > 107 GeV implies a long lived NLSP) 

Large Stop Mixing must be obtained via running in GM

Draper, Meade, Reece, Shih’11

Wednesday, May 2, 2012



�4 �2 0 2 4
0

500

1000

1500

2000

2500

3000

Xt�mt�

m
t�
�GeV

�
Tan Β � 2

Λ � 0, 0.3, 0.5, 0.6, 0.7

mt1
� � 100 GeV

�4 �2 0 2 4
0

500

1000

1500

2000

2500

3000

Xt�mt�
m
t�
�GeV

�

Tan Β � 5

Λ � 0, 0.3, 0.5, 0.6, 0.7

mt1
� � 100 GeV

�4 �2 0 2 4
0

500

1000

1500

2000

2500

3000

Xt�mt�

m
t�
�GeV

�

Tan Β � 10

Λ � 0, 0.3, 0.5, 0.6, 0.7

mt1
� � 100 GeV

Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and varying

tan β = 2, 5, 10 from left to right, and varying λ within each plot. We add the tree-level Higgs

mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from

Suspect. The tree-level Higgs mass is largest at lower values of tan β and larger values of λ,
where only modestly heavy stops, mt̃ ∼ 300 GeV, are needed to raise the Higgs to 125 GeV.

Heavy stops are still required for lower values of λ and larger values of tan β.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + λ �S�, which acts as the effective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

Vsoft ⊃ m
2
Hu

|Hu|2 +m
2
Hd
|Hd|2 +m

2
S
|S|2 + (BµHuHd + λAλ SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S
3
in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2
)tree ≤ m

2
Z
cos

2
2β + λ2

v
2
sin

2
2β. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.
1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m
2
S
> M

2
S
[19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].

10

Stop Mass requirements may be relaxed in the NMSSM

W = λSHuHd

∆m
2
h ∝ λ

2
v
2 sin2 2β

At low values of tanβ and large values
of λ singlet effects are relevant.

Reduced fine tuning can be obtained at the
cost of accepting the additional singlet.
Mixing between CP-even states may be affected too.

Hall, Pinner, Ruderman’11

Ellwanger ’11

“More natural”
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Main production mechanisms of the Higgs at hadron colliders:

A. Djouadi, 0503172

Among them gluon fusion is the dominant mechanism!

Main Higgs Production channels at Hadron Colliders

Bσ(pp̄ → h → XSM ≡ σ(pp̄ → h)
Γ(h → XSM)

Γtotal

The event rate depends on three quantities

The three of them may be affected by the presence of new physics. If the SM rate is 
modified, of course, the total width is modified as well.  This is particularly true for             
the  WW rate at high Higgs masses and bb at low Higgs masses

)

Paris
18/11/11 gigi.rolandi@cern.ch  HCP2011 /33

Higgs production pp@2TeV vs pp@7Tev

4

x 15 gg!H

x 3  qq!WH
Wednesday, May 2, 2012



Heavy Stops : MSSM SM-like Higgs Searches at the LHC

In the MSSM, one of the Higgs bosons has standard model like couplings to the top and 
gauge bosons

Relevant SM-like channels of production and/or decay are induced by loops, which are 
affected by new physics (mainly stops).  We shall assume all relevant supersymmetric 
particles to be heavy, with masses of order 1 TeV. 

Moreover,  the dominant width of Higgs decay into bottom quarks is enhanced due to 
mixing with non-standard Higgs bosons. Relatively large CP-odd Higgs mass preferred.

Figure 2: Rates for gg → h → γγ,WW (solid) and gg → H → γγ,WW (dashed) in the

MSSM, relative to the rates in the SM for a Higgs of mass mh or mH , respectively.

Four different curves are shown for each particle, demonstrating the relatively model-

independent nature of the suppression.

channel V h → bb̄ provide some reach in minimal mixing. Both of these channels grow

stronger with smaller mh, so the coverage in this region is stronger than in maximal

mixing. In both models, however, it is clear that overall the total reach is suppressed as

mA decreases. As mentioned in the introduction, this is due to tree-level mixing between

the CP -even Higgs bosons, which can result in an enhanced decay width of the SM-like

Higgs into bottom quarks. Such mixing is stronger for low values of the non-standard

Higgs boson masses and tends to suppress the Higgs decay into photons and W bosons,

rendering the searches at the LHC more challenging
1
.

The Higgs doublet mixing decreases as cot β for large values of tan β, but since the

coupling of the non-standard Higgs bosons to bottom-quarks is approximately propor-

tional to tan β for large values of tan β, the mixing effects on the BR(h → bb̄) remain

approximately constant. This property, as well as the overall magnitude of the suppression

effect on the rare decays, is demonstrated in Fig. 2 for the gg → h → γγ,WW channels.

We also display the suppression relative to the SM for the gg → H → γγ,WW channels,

since below mA ∼ 130 GeV the heavy Higgs becomes SM-like in its coupling to gauge

bosons, while h becomes nonstandard. However, H still retains an enhanced coupling to

bb̄ due to a small mixing with h, leading again to a suppression of the H → γγ,WW

rates.

The bb̄ enhancement has relevant consequences for searches at the LHC. For maximal

mixing, in which the SM-Higgs mass is close to 130 GeV, the most important search

channel is the decay into a pair of W -gauge bosons. This decay channel is suppressed for

small mA. As shown in Fig. 1, combining the two LHC experiments at 5 fb
−1
, for mA

below 200 GeV the LHC is not expected to probe the presence of a SM-like Higgs boson

in the standard Higgs search channels.

In the minimal mixing scenario, the SM-like Higgs boson has a mass close to 115 GeV

1
Note that although the h → bb̄ partial width can easily increase by an order of magnitude, since it

is the dominant contributor to the total Higgs width, the h → bb̄ branching fraction is only increased by

a factor � 2. For this reason V h → bb̄ does not compensate for the h → γγ,WW channels, where the

branching ratios can experience the full order of magnitude suppression.

4

P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354
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Dermisek and Low, 0701235

Least fine-tuned

region of MSSM!

In this “golden region” of

MSSM, the gluon fusion

production of the Higgs is

also reduced!

Gluon Fusion Production Rate in the MSSM

Rate may be modified
for light stops and close to 
the large mixing senario.

For stop masses
of order of 1 TeV

the rate modifications
tend to be small

LHC Bound on stop masses depends on gluino mass
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! 
"  Gluon fusion: 

!  Receives contributions from top/bottom and 
stops/sbottoms. 

!  Light 3rd generation squarks can increase 
gluon fusion rate, but large mixing is required 
for mh masses of interest 
"  Always leads to suppression.   

"  Di-photon rate: 
!  W loop is partially suppressed by top loop. 
!  Light stops/sbottoms  

"  Can add to this suppression  
"  Can produce enhancement if mixing large.  

"  Usually overcompensated by suppression of 
gluon fusion.  

!  Heavy 3rd generation squarks consistent with 
125 GeV Higgs, lead to suppression in di-
photon production 

mh  ~125 GeV:  
Squarks and the Di-Photon Production Rate  

Carena, Gori, N.S., Wagner 

April 18, 2012 22 Nausheen R. Shah     U of M 
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Stop effects on diphoton rate

Heavy stops needed for a 125 GeV Higgs lead 
to small effects  on diphoton rate.

For large mixing, enhancement of  diphoton 
decay branching ratio compensated by 
production rate suppression. 

Even for the case of one stop light, the effects 
tend to be small.

Explanation :

Coupling of light stop to Higgs is approximately given by

ght̃t̃ � h2
t

�
1− A2

t

m2
Q

�

But in this region, mQ � At and coupling is suppressed

M. Carena, S. Gori, N. Shah, C.W.,        
arXiv:1112.3336, JHEP 1203:014, 2012

Wednesday, May 2, 2012



What would be the Implications of an
Enhanced Diphoton Production Rate ?
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Higgs Diphoton Decay Width in the SM

narrow mass range around 125 GeV. A naive combination of the results of both experiments

seems to reveal a central value of ZZ production with a rate similar to the SM one, while

the central value of the diphoton production rate is enhanced by a factor close to two times

that Standard Model. Needless to say, more statistics would be needed to determine if these

results are significant or are just the product of a statistical fluctuation.

Motivated by these results, we shall investigate the possibility that the diphoton rate is

enhanced, and that this enhancement is entirely due to an increase of the partial diphoton

decay width of the photon, but that the total width or production cross sections remain

approximately at their Standard Model values. Such an enhancement of the diphoton decay

width demands the presence of charged particles with significant couplings to the Higgs

boson. The dominant contribution to the diphoton decay amplitude in the Standard Model

comes from W -gauge boson loops. Standard fermions tend to produce a cancellation of the

partial diphoton rate, and so do single scalars with couplings such that the contribution to

its mass induced by the Higgs vacuum expectation value is positive. Then, an enhancement

of the diphoton rate demands an interesting structure of the couplings of the Higgs boson to

fermion and scalar particles. Moreover, the LEP experiments tend to put a strong constraints

on the presence of charged particles with mass lower than about 100 GeV and these bounds

should be taking into account while studying the possible effects of new particles in the

diphoton rate. On the other hand, we shall ignore electroweak constraints on masses of new

particles; since they can be rectified through cancellations in complete models. We now live

in a world where the data rule. if anything, indirect confirmation of new light particles in

the γγ and Zγ channel would hint at a rich structure at a higher energy.

II. ENHANCING THE DIPHOTON WIDTH

In the standard model the leading contribution to the diphoton decay width of the Higgs is

the W boson loop, which is at least four times larger than the next-to-leading contribution

from the top loop. All other contributions are negligible. More specifically, the analytic

expressions for the partial width are

Γ(h → γγ) =
GFα2m3

h

128
√
2π3

∣

∣A1(τw) +NcQ
2
tA1/2(τt)

∣

∣

2
, (1)

3

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in unit of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the loop

functions for spin-1 (W boson) and spin-1/2 (top quark) particles are given by Eqs. (49)

and (48) in the Appendix.

In the limit that the particle running in the loop has a mass much heavier than the Higgs,

we have

A1 → −7 , NcQ
2
t A1/2 →

4

3
NcQ

2
t . (2)

For a Higgs mass below the WW threshold, the W boson contribution is always dominant

and monotonically decreasing from A1 = −7 for very small Higgs masses to A1 ≈ −12.4

at the threshold, while the top quark contribution is well-approximated by the asymptotic

value of (4/3)2 ≈ 1.78. If we consider a Higgs mass at 125 GeV, the W and top contributions

are

mh = 125 GeV : A1 = −8.32 , NcQ
2
tA1/2 = 1.84 . (3)

We will consider under what circumstances adding new loop diagrams from particles of spin-

0, spin-1/2, and spin-1 could enhance the diphoton partial width significantly. To this end

it will be convenient to re-write the diphoton decay width in terms of the Higgs coupling to

the loop particles:

Γ(h → γγ) =
α2m3

h

1024π3

∣

∣

∣
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ghWW

m2
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A1(τw) +
2ghtt̄
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2
tA1/2(τt) +QS

ghSS
m2

S

A0(τS)

∣

∣

∣

∣

2

, (4)

where QS is the electric charge of the scalar in unit of e, and the scalar loop function is defined

in Eq. (50) in the Appendix. A0 approaches 1/3 for infinitely heavy loop mass. In the above

the notation W , t, and S refer to generic spin-1, spin-1/2, and spin-0 particles, respectively.

For the standard model W boson and top quark, ghWW = g2v/2 and ghtt̄ = λt/
√
2, and

ghWW

m2
W

=
2ghtt̄
mt

=
2

v
. (5)

Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The

theorems relate the partial decay width to the γγ two point functions. As a result, the

leading contribution in the h → γγ partial width can be obtained from the knowledge of

one-loop QED beta functions. More specifically, in the presence of charged heavy particles,

4

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in unit of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the loop

functions for spin-1 (W boson) and spin-1/2 (top quark) particles are given by Eqs. (49)

and (48) in the Appendix.

In the limit that the particle running in the loop has a mass much heavier than the Higgs,

we have

A1 → −7 , NcQ
2
t A1/2 →

4

3
NcQ

2
t . (2)

For a Higgs mass below the WW threshold, the W boson contribution is always dominant

and monotonically decreasing from A1 = −7 for very small Higgs masses to A1 ≈ −12.4

at the threshold, while the top quark contribution is well-approximated by the asymptotic

value of (4/3)2 ≈ 1.78. If we consider a Higgs mass at 125 GeV, the W and top contributions

are

mh = 125 GeV : A1 = −8.32 , NcQ
2
tA1/2 = 1.84 . (3)

We will consider under what circumstances adding new loop diagrams from particles of spin-

0, spin-1/2, and spin-1 could enhance the diphoton partial width significantly. To this end

it will be convenient to re-write the diphoton decay width in terms of the Higgs coupling to

the loop particles:

Γ(h → γγ) =
α2m3

h

1024π3

∣

∣

∣

∣

ghWW

m2
W

A1(τw) +
2ghtt̄
mt

NcQ
2
tA1/2(τt) +QS

ghSS
m2

S

A0(τS)

∣

∣

∣

∣

2

, (4)

where QS is the electric charge of the scalar in unit of e, and the scalar loop function is defined

in Eq. (50) in the Appendix. A0 approaches 1/3 for infinitely heavy loop mass. In the above

the notation W , t, and S refer to generic spin-1, spin-1/2, and spin-0 particles, respectively.

For the standard model W boson and top quark, ghWW = g2v/2 and ghtt̄ = λt/
√
2, and

ghWW

m2
W

=
2ghtt̄
mt

=
2

v
. (5)

Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The
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4

For particles much heavier than the Higgs boson

In the SM, for a Higgs of mass about 125 GeV 

Dominant contribution from W loops.  Top particles suppress by 40 
percent the W loop contribution.  One can rewrite the above 
expression in terms of the couplings of the particles to the Higgs as : 
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where QS is the electric charge of the scalar in unit of e, and the scalar loop function is defined
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Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.
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the QED effective Lagrangian at one-loop order is given by
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coefficients bi are [1, 2]
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2 for a Dirac fermion , (7)

b = −7 for the W boson , (8)

b =
1

3
for a charged scalar . (9)

From the limiting behavior of the analytic expression we find full agreement with Eq. (2).
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1 The new particle does not have to receive all of its mass from the Higgs expectation value, but only some

of it is suffice.
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where in the Standard Model

This generalizes for the case of fermions with contributions to their masses independent 
of the Higgs field. The couplings come from the vertex and the inverse dependence on the 
masses from the necessary chirality flip (for fermions) and the integral functions.

For bosons one simply replaces the square of the mass matrix by the mass matrix of the 
square masses !  Since the Higgs is light and charged particles are   constrained 
by LEP to be of mass of order of or heavier than the Higgs, this expression provides a good 
visualization of when particles could lead to an enhanced diphoton rate !
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FIG. 3: Enhancement in the diphoton partial width due to scalar mass mixings. The solid (dashed)

line in Rγγ plots includes the lightest (both) mass eigenstates.

In both scenarios the solid and dashed lines in the Rγγ plots are for including only the lightest

mass eigenstate and both mass eigenstates. We see that the contribution from the heavier

S2 is negligible, which implies the enhancement is entirely due to the lighter eigenstate S1.

In scenario (I) an enhancement by a factor of 2 is possible for XS ! 1.3 TeV, for which
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FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.

In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix

9

Two Scalars with Mixing

∂ log(DetM2
S)

∂v
� − X2

Sv

m2
S1
m2

S2

Lightest scalar, with 
mass below 200 GeV 
gives the dominant
contribution in this 
case.

Large mixing and small value of the 
lightest scalar mass preferred

M. Carena, I. Low, C.W.’12
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Figure 3: Contour plots of the ratio of the σ(gg → h)× BR(h → γγ) to its SM value, in the me3–
mL3 plane and tanβ = 60. The red dashed lines are the contours at equal lightest stau
masses. The yellow shaded area is the area satisfying the LEP bound on the lightest stau
mass. Enhanced branching ratios are obtained for values of µ for which the lightest stau
mass is close to its experimental limit, of about 90 GeV.

6

Light staus,  with large mixing, may induce a relevant enhancement of the branching ratio 
of the decay of a the SM-like Higgs into two photons, without affecting other decays

Dashed lines represent the 
countors of equal stau mass

Left plots :
mL3 = mE3

Right plots :
µ = 650 GeV, tanβ = 60.

Smaller (larger) enhancements
obtained for smaller (larger)
µ and the same stau mass

M. Carena, S. Gori, N. Shah, C.W.,        
arXiv:1112.3336, JHEP 1203:014, 2012
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σ(bb̄A)×BR(A→ bb̄) � σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) � σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production channels 
associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by D. North and 
M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815, Dawson et al ’10, 
Djouadi et al’11

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth ’06
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Table 5: Expected range and observed 95% CL upper limits on the cross section normalized to
the SM expectation as functions of mH, for the SM search.

SM Higgs Expected Limit [over σ(SM)]
mH −2σ −1σ Median +1σ +2σ Obs. Limit [pb]
110 GeV 1.44 1.83 2.56 3.73 5.29 3.48
115 GeV 1.25 1.54 2.19 3.13 4.42 2.86
120 GeV 1.22 1.61 2.27 3.33 4.73 3.15
125 GeV 1.37 1.72 2.34 3.39 4.75 3.55
130 GeV 1.46 1.94 2.63 3.79 5.34 4.03
135 GeV 1.86 2.37 3.28 4.7 6.58 4.55
140 GeV 1.94 2.6 3.59 5.19 6.99 4.89
145 GeV 2.7 3.41 4.77 6.89 9.35 6.28

Results did not change significantly with the datea update.
Interestingly, the observed limit is somewhat weaker than the 
expected one.
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3 Production Rate of Higgs Decay into Photons

The production rate of two photons associated with a SM-like Higgs decay may be increased

by either increasing the gluon fusion production rate or by increasing the Higgs branching

ratio into photons. Modifications of these rates may come from mixing effects or from extra

particles running in the loops. We discuss these possibilities below.

3.1 Mixing Effects

The mixing in the Higgs sector can have relevant effects on the production rates and decay

branching ratios. Mixing effects become particularly relevant for small values of the non-

standard Higgs masses, mA. It is known, however, that in most regions of parameter space,

the mixing effects conspire to enhance the bottom decay width, leading to a suppression of

the total production of photons and gauge bosons (see, for instance Refs. [38],[39]). However,

the mixing in the Higgs sector may be modified for large values of the mixing parameters in

the sfermion sector [40]. Both stops, sbottoms and sleptons may have a relevant impact on

the Higgs branching ratios. A suppression of the bottom decay width through mixing effects
may have important consequences for the decay branching ratios of all the gauge boson decay

channels.

Let us clarify the mixing effects in the CP-even Higgs sector. The mass matrix is given

approximately by

M2
H
=

�
m2

A
sin

2 β +M2
Z
cos

2 β −(m2
A
+M2

Z
) sin β cos β + Loop12

−(m2
A
+M2

Z
) sin β cos β + Loop12 m2

A
cos

2 β +M2
Z
sin

2 β + Loop22

�
, (8)

where we have included the dominant mixing effects. The loop effects Loop22 are the loop

corrections appearing in the second term of Eq. 1, divided by sin
2 β. Indeed, in the decoupling

limit for large m2
A
,

m2
h
�

�
M2

H

�
11
cos

2 β +
�
M2

H

�
12
cos β sin β +

�
M2

H

�
21
sin β cos β +

�
M2

H

�
22
sin

2 β (9)

which reduces to Eq. (1).

The loop-corrections to the (M2
H
)12 matrix element are given approximately by [41, 40],

Loop12 =
m4

t

16π2v2 sin2 β

µÃt

M2
SUSY

�
AtÃt

M2
SUSY

− 6

�
+

h4
b
v2

16π2
sin

2 β
µ3Ab

M4
SUSY

+
h4
τv

2

48π2
sin

2 β
µ3Aτ

M4
τ̃

. (10)

The mixing in the CP-even Higgs sector may be now determined by

sin(2α) =
2 (M2

H
)12�

Tr[M2
H
]2 − det[M2

H
]
,

cos(2α) =
(M2

H
)11 − (M2

H
)22�

Tr[M2
H
]2 − det[M2

H
]

(11)

which reduce to − sin 2β and − cos 2β respectively, in the large mA limit. The convention

is such that 0 ≤ β ≤ π/2 (although generically values of β > π/4 are considered), while

−π/2 ≤ α ≤ π/2, and, in the large mA limit, α = −π/2 + β.
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The ratio of the tree-level couplings of the Higgs to W bosons, top and bottom-quarks

with respect to the SM ones are approximately given by

hWW : sin(β − α) ,

htt̄ :
cosα

sin β
,

hbb̄ : − sinα

cos β

�
1− ∆hb tan β

1 +∆hb tan β

�
1 +

1

tanα tan β

��
. (12)

As seen above, the coupling to bottom quarks is also affected by the ∆hb corrections [41, 43],

which, however, do not modify the overall dependence of the bottom quark coupling on the

mixing in the Higgs sector.

For moderate values of tanβ and mA, the loop effects are small and sinα is small and

negative while

|sin(2α)|> |sin(2β)| . (13)

Since cosα � sin β � 1, this implies that |sinα|> cos β, leading to an enhancement of the

bottom quark width which in turn leads to a suppression of the dominant SM Higgs decay

branching ratios at the LHC. The couplings to top and W bosons are not modified in this

regime, but there is also a small decrease of the gluon fusion rate induced by the bottom-quark

loop effects that have the opposite sign as the top quark loops and become enhanced in this

regime.

For large values of tanβ and moderate values of m
2
A
, the values of sinα tend to be very

small, of order cos β. A decrease of the bottom quark coupling can be obtained, for instance,

if |sin(2α)|< (sin 2β), which can be obtained by making the loop corrections Loop12 positive

and sizable. Since the tree-level contribution for (M2
H
)12 is suppressed by 1/tan β, the loop-

corrections may be significant in the large tanβ regime. It is well known that a suppression

of the Higgs mixing can be achieved for large values of µAt < 0 (µAt > 0) for At <
√
6MSUSY

(At >
√
6MSUSY), as follows from Eq. (11). Sizable values of At are necessary to achieve a

large modification of the Higgs mixing, what leads to values of the Higgs mass of about 120–

125 GeV for stops masses of about 1 TeV. A benchmark scenario for Higgs searches at hadron

colliders, named the “small αeff scenario”, has been constructed due to this property [43].

Large values of µ
3
Ab,τ > 0 may also lead to a significant effect for very large values of tan β.

Let us stress again that the overall effect of a suppression of the bottom quark width is an

enhancement of not only the photon decay rate, but also of the WW and ZZ rates. A

large suppression of the bottom-quark width, however, demands small values of mA and large

tan β, which are disfavored [38] by the search for non-standard Higgs bosons at the LHC

H → ττ [34]–[36]. For instance, only a narrow region of the small αeff scenario, for moderate

tan β and mA � 100 GeV, for which the heaviest CP-even Higgs has SM-properties with a

reduced bottom decay width, seems to survive these constraints [38].

3.2 Light Stop and Sbottom Effects

The Higgs decay rate into photons is induced by loops of charged particles. In the SM the main

contribution comes from W bosons and is partially suppressed by the contribution of the top

7

 CP-even Higgs boson Mixing

The neutral CP-even Higgs mass matrix is approximately given by 

Mixing is very sensitive to off diagonal terms. The tree-level effects 
may be suppressed for moderate CP-odd Higgs masses. The dominant 
loop effects are given by

From where the mixing angle, controlling the down fermion couplings is obtained
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Figure 5: Ratio of the σ(gg → h)× BR(h → V V ) to its SM value, for both V = γ and V = Z as
a function of me3 = mL3 , for tanβ = 60 varying µ such that mτ̃1 = 90 GeV for different
values of Aτ . (a): mA = 1.5 TeV, At = 2 TeV, mQ3 = 2.5 TeV, mu3 = 100 GeV leading
to mt̃1 ∼ 140 GeV. (b): mA = 1 TeV, At = 1.4 TeV, mQ3 = 1.5 TeV, mu3 = 500 GeV
leading to mt̃1 ∼ 500 GeV.
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Large variation of the rates depending on soft parameters
Carena, Gori, Shah,C.W. ’11
Carena, Gori, Shah, Wang, C.W.’12

mA = 1 TeV

Positive (negative) Aτ are associated
with smaller (larger) values of the
bottom quark width
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Figure 7: Contour plots of mW . Darker green fill denotes regions experimentally consistent within
1-σ for the W mass (80.385 ± 0.015 GeV). Lighter green denotes allowed region for the
lightest stau mass (mτ̃ > 90 GeV).

help in alleviating the apparent tension between the observed WW and γγ rate even for large

values of the CP-oddHiggs mass. We shall restrict ourselves to the MSSM and not analyze

this possibility.

2.1 Precision Measurements and Muon Anomalous Magnetic Mo-
ment

Light staus may have a relevant effect on precision electroweak measurements. In particular,

they modify the predicted value of MW [49], which measured central value is somewhat above

the predicted value in the SM for a light Higgs of mass of about 125 GeV [5]. Figure 7 show

the predicted value of MW in the MSSM, in the region of light staus, for third generation

squark values consistent with a SM-like 125 GeV Higgs. In general, the squark sector gives a

very small contribution to MW in this region of parameters. As shown in Fig. 7, light staus

have a moderate effect, leading to values of MW 10 to 60 MeV larger than the SM value,

MSM
W � 80.36 GeV, in the region of stau masses consistent with an enhanced Higgs diphoton

decay rate. The composition of these light staus is very important for the determination of

the MW corrections. The larger the left-handed component (the smaller mL3), the larger the

effect. Although such effects are of the order of the current experimental uncertainties, the a

present measurement is given by MW � 80.385 ± 0.015 GeV. Such a precise measurement of

MW therefore place very interesting constraints on the light stau scenario. For instance, in the

example of Figure 7, models with mL3 � mE3 , for instance, and values of mL3 > 300 GeV lead

to values of MW larger than 80.40 GeV, which are in some tension with current measurements.

Light sleptons may also affect the predicted value of the anomalous magnetic moment of

the muon, (g − 2)µ [50]–[54]. The muon anomalous magnetic moment is of interest since its

10

Precision Measurement and the
Light Stau Scenario

Only moderate corrections to the precision electroweak observables

Carena, Gori, Shah, Wang, C.W.’12

µ � 650 GeV, tanβ = 60mL3 = mE3
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Figure 8: Contour plots of gµ−2. Green fill denotes regions consistent with experiment within 1-σ.

current measured value differs by more than 3 standard deviations from the predicted value
in the SM. Although (g2)µ is not sensitive to the stau masses, it is interesting to investigate
what would be the necessary value of the smuon masses in order to obtain a contribution to
this quantity of the order of the one measured experimentally. Figure 8 show the predicted
values of (g − 2)µ for different values of the smuon soft supersymmetry breaking masses, for
the values of µ GeV and tan β, for which light staus, leading to an enhancement of the Higgs
diphoton rate appear, for instance, for equal values of mL3 � mE3 � 280 GeV, tan β � 60 and
µ � 650 GeV. We see from Fig. 8 that the values of the smuon soft supersymmetry breaking
paramters do not differ significantly from analogous stau values. For instance, for the values
of µ and tan β mentioned above, values of mL2 � mE2 � 450 GeV are necessary to obtain a
value of (g−2)µ consistent with the experimental value. This result is not very sensitive to the
gaugino masses, as it is clearly shown in the left panel of Fig. 8, but is most strongly dependent
on the value of the left-handed smuon soft-supersymmetry breaking mass parameter. Observe
that due to the small muon mass, the smuon mass eigenvalues are of the order of the soft
supersymmetry breaking parameter, and hence smuons tend to be significantly heavier than
the lightest stau what is very relevant for the collider phenomenology of this model.

3 Dark Matter

One of the interesting possibilities of the light stau scenario is to generate the proper neutralino
dark matter relic density, through the light stau co-annihilation with the light neutralinos
[55],[56]. Light staus can coannihilate with neutralinos leading, for instance to a neutral
gauge boson Z, γ and a τ lepton in the final state. In the region of parameters under study,
the stau is relatively strongly coupled to the Higgs and therefore the coannihilation into a
light Higgs and a τ become also relevant. In order to compute these effects we have used the
public programs Micromegas[58] and DarkSUSY[57].
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Muon Anomalous Magnetic Moment
Agreement within one standard deviation with experiment
demands light left-handed sleptons of the second generation
with mass of about 300 to 700 GeV

µ � 650 GeV, tanβ = 60

Carena, Gori, Shah, Wang, C.W.’12

Not very sensitive to other choices of parameters with
enhanced (1.5 to 2) diphoton rate
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Running to high energies
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Figure 13: mL evolution from TeV to Messenger scale. Blue: 1st/2nd generation, Red: 3rd generation.
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µ � 650 GeV, tanβ = 60

µ = 1.3 TeV, tanβ = 30

Running depends on tanβ, but phenomenological
properties depend on µ tanβ.

Consistency with (g − 2)µ and flavor
independence at the messenger scale demands
either low messenger scale or smaller
tanβ and larger µ.

Carena, Gori, Shah, Wang, C.W.’12
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Dark Matter
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Figure 10: Left: Mass difference between the lightest stau and the lightest neutralino necessary to

obtain the observed Dark Matter density as a function of the neutralino mass;

Right: Mass of the lightest stau necessary to obtain the observed Dark Matter density as

a function of the neutralino mass. µ = 1 TeV, tanβ = 60 for the same set of parameters

as in Fig. 12. The Higgs mass contours are shown as dashed blue lines.
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Figure 11: Mass difference between the lightest stau and the lightest neutralino necessary to

obtain the observed Dark Matter density as a function of the neutralino mass, for

µ = 1300 GeV, tanβ = 30 (left panel) and µ = 650 GeV, tanβ = 60 (right panel). The

1st and 2nd generation soft slepton masses are 500 GeV to be consistent with (g − 2).

The relevant squark parameters are: mQ3 = mu3 = 850 GeV, At = 1.4 TeV. All other

parameters are 2TeV. The Higgs mass contours are shown as dashed blue lines.
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Co-annihilation of neutralinos with staus, together with the s-channel 
Z and h induced diagrams can lead to a consistent Dark Matter 

density. For staus of mass 100 GeV, neutralinos in the 30--50 GeV mass 
range required.  Relatively hard taus from stau decays

Carena, Gori, Shah, Wang, C.W.’12

Large messenger scales or order MGUT assumed. 
For smaller scales, the gravitino tends to be the LSP 
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Collider Physics
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Rough analysis shows that hints of stau/
sneutrino production may be obtained. 
More sophisticated analysis should be 
performed to validate these 8 TeV results.

(gravitino or neutralino)
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• Allowed SM-Higgs mass window at the LHC is consistent with precision measurements and with the 
extrapolation of SM description to very high energies.   

• A 125 GeV Higgs boson is consistent with a stop spectrum of order 1 TeV and large stop mixing 
parameters. No hard bound on the lightest stop mass can be set.  

• In the minimal supersymmetric model, rates may be modified by mixing or by presence of light 
sfermions.  

• While in the region of parameters consistent with a 125 GeV Higgs, stops tend to slightly suppress 
the photon rate, light staus can enhance it without modifying the other rates in a significant way. 

• They can also induce relevant mixing effects, which would lead to a suppression of the bottom quark 
rates and a further enhancement of the photon rate, as well as a less dramatic enhancement of the 
WW and ZZ rates. 

• The combination of LHC  and Tevatron results may provide a very relevant test for this scenario in 
the near future. 

• There is an improvement of the relevant precision measurement variables. Dark Matter and g-2 
improvements are easy to obtain in this region of parameters. Collider phenomenlogy is interesting. 

Conclusions
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Higgs Mixing Cancellation

For large values of the Higgsino mass and (negative) stop 
mixing parameters, the off-diagonal element of the CP-even 
Higgs boson mass matrix is suppressed at low values of mA 
and tanbeta. 

Specifically, this happens when

This means that the mass eigenstate couples has reduced 
couplings to the down sector (taus and bottoms). 

We shall take  
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Figure 4: Enhancement of the h → bb decay branching ratio (left panel) and enhancement of

the h → γγ decay branching ratio (right panel) in the small α scenario of the MSSM.

Figure 5: LHC reach for the light, SM-like Higgs boson in the small αeff benchmark scenario

of the MSSM. Left: 5 fb
−1

/experiment; Right: 10 fb
−1

/experiment.

7

Figure 9: Same as Fig. 5, but with nonstandard searches overlaid, showing both the current
limits from H/A → ττ (dashed curve) and the projected reach with 5 fb−1 (shaded
region).

of 5 fb
−1
/experiment, either the LHC will find both the SM-like Higgs and evidence of

non-standard Higgs bosons, or the region in which the photon pair production is enhanced

will be ruled out by both channels.

5 Conclusions

In this article we have analyzed the 7 TeV LHC capabilities to exclude, provide evidence

for, or discover neutral Higgs bosons in the MSSM. At mA � 300 GeV, in the maximal

mixing scenario, for which the Higgs mass is about 125-130 GeV, the LHC is expected

to discover or find evidence of a SM-like Higgs boson (the state provided by the doublet

that is primarily responsible for electroweak symmetry breaking) in a combination of the

WW and γγ channels with 5 fb
−1
/experiment. In the same region of mA, evidence for

h is expected in the diphoton channel with � 10 fb
−1
/experiment in the minimal mixing

scenario, for which the Higgs mass is about 115-120 GeV. At lower values of mA, we have

emphasized that the SM-like Higgs can generically exhibit branching ratios different from
those of the SM Higgs in decays relevant for the main LHC search channels. In the most

generic models for the soft parameters, the h → γγ,WW modes are suppressed at low

to moderate mA by a large increase in the h → bb̄ width, an effect that is due to mixing

between the two Higgs doublets. In such cases we have shown that combinations with

Tevatron results and with nonstandard Higgs boson searches at the LHC can provide an

experimental handle on the parameter space. Furthermore, with other specific choices of

the soft parameters, the mixing can be such that the h → bb̄ width is strongly suppressed,

leading to an enhancement in the h → γγ,WW branching ratios, allowing the discovery

of the SM-like Higgs at 5 fb
−1
. Because this feature is present at low mA and large

11

µ and AtFor large values of

one can get suppression of the
Higgs decay into bottom quarks
and therefore enhancement of 
photon decay branching ratio 

Such scenario, however,  demands
small values of the the CP-odd 

Higgs mass and large tanbeta and
seems to be in conflict with 

non-standard Higgs boson searches

Carena, Mrenna, Wagner’99
                   Carena, Heinemeyer, Wagner, Weiglein’02

Carena, Draper, Liu, Wagner’11
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Relatively light stops are naturally there, they can raise sufficiently the Higgs 
mass  and are not ruled out by current data ! 

They should be a priority in LHC searches (in all possible stop decay channels)
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and subject to the current direct search limits mν4,"4 >
100 GeV and mu4,d4

> 258 GeV. The other elements
of the CKM and PMNS matrix are not strongly con-
strained. The smallest contribution to the oblique pa-
rameters occurs for small Higgs masses. The leptons and
quark masses are not significantly split, in particular, the
two–body decays !4 → ν4W and d4 → u4W generally do
not occur. Finally, while there are strong restrictions on
the mass differences between the up-type and down-type
fields, there are much milder restrictions on the scale of
the mass.

IV. HIGGS SEARCHES

The set of mixing elements and mass hierarchies shown
in Eq.(9) has significant effects on Higgs searches at the
Tevatron and at the LHC. One clear observation is that
Higgs decays into fourth–generation particles, if possible
at all, are expected only into leptons, unless the Higgs
is exceptionally heavy which is disfavored by precision
data.

A fourth generation with two additional heavy quarks
is well known to increase the effective ggH coupling by
roughly a factor of 3, and hence to increase the produc-
tion cross section σgg→H by a factor of roughly 9 [31].
The Yukawa coupling exactly compensates for the large
decoupling quark masses in the denominator of the loop
integral [32]. This result is nearly independent of the
mass of the heavy quarks, once they are heavier than
the top. (Modifications to the Higgs production cross
section has also been considered in an effective theory
approach in Ref. [33].) This enhancement allowed CDF
and D0 to very recently rule out a Higgs in a four
generation model within the mass window of roughly
145 < mH < 185 GeV to 95% CL using the process
gg → h → W+W− [34, 35]. While over recent years
weak–boson–production has proven the leading discovery
channels for light Higgs bosons — in the Standard Model
as well as in extensions with more than one Higgs dou-
blet, like for example the MSSM [36] — these channels
are less promising in models with a fourth generation, be-
cause the loop effects on the WWH couplings are small
enough to be ignored in the Standard Model.

The increase in the ggH coupling dramatically in-
creases the decay rate of H → gg. For Higgs masses
lighter than about 140 GeV and no new two–body de-
cays, this decay dominates, but is probably impossible
to extract from the two-jet background at the LHC. The
presence of this decay effectively suppresses all other two–
body decays, including the light–Higgs discovery mode
H → ττ , by roughly a factor 0.6. Only once the tree-level
decay mode H → WW ∗ opens does this suppression van-
ish. More subtle effects occur for the loop–induced decay
H → γγ. The partial widths for H → γγ and H → gg

mH 115 200

AW −8.0321 −9.187 − 5.646i

At 1.370 1.458

Au4
1.344 1.367

Ad4
1.349 1.382

A!4 1.379 1.491

TABLE II: The dominant form factors for the decay H → γγ
and H → gg according to Eq.(10) for the parameter points (a)
and (b). For H → gg just the quark loops contribute. The
form factors are obtained from a modified version of Hde-
cay [37].
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where Af and AW are the form factors for the spin- 1
2

and
spin-1 particles respectively. These form factors are

Af (τ) = 2 [τ + (τ − 1)f(τ)] τ−2

AW (τ) = −
[

2τ2 + 3τ + 3(2τ − 1)f(τ)
]

τ−2 (11)

with τi = m2
H/4m2

i , (i = f, W ) and f(τ) defined as the
three–point integral

f(τ) =











arcsin2√τ τ ≤ 1

−1
4

[

ln 1 +
√

1 − τ−1

1 −
√

1 − τ−1
− iπ

]2

τ > 1
(12)

From the numbers given in Table II we see that the
ggH coupling indeed consists of nearly identical contri-
butions from the SM top quark and the two additional
fourth–generation quarks. In particular, the contribu-
tions of the fourth–generation quarks in the parameters
points (a) and (b) are well described by the decoupling
limit in which we estimated the enhancement of the Higgs
production rate as a factor of 9. For a 200 GeV Higgs we
start to observe very small top–mass effects. This means
that the enhancement factor in σgg slowly decreases from
8.5 to 7.7 for Higgs masses between 200 and 300 GeV. Of
course, this scaling factor breaks down for the top thresh-
old region around 350 GeV and subsequent heavy-quark
thresholds. This corresponds to the absorptive imaginary
parts of the Ai listed in Table II.

In the Standard Model the Higgs decay to photons is
dominated by the W loop, which destructively interferes
with the smaller top–loop. In Table II we see how in
the fourth–generation model all additional heavy parti-
cles contribute to the loop. For a light Higgs boson this
implies a suppression of the branching ratio BR(γγ) by

5

and subject to the current direct search limits mν4,"4 >
100 GeV and mu4,d4

> 258 GeV. The other elements
of the CKM and PMNS matrix are not strongly con-
strained. The smallest contribution to the oblique pa-
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tion cross section σgg→H by a factor of roughly 9 [31].
The Yukawa coupling exactly compensates for the large
decoupling quark masses in the denominator of the loop
integral [32]. This result is nearly independent of the
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fourth–generation quarks. In particular, the contribu-
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limit in which we estimated the enhancement of the Higgs
production rate as a factor of 9. For a 200 GeV Higgs we
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presence of this decay effectively suppresses all other two–
body decays, including the light–Higgs discovery mode
H → ττ , by roughly a factor 0.6. Only once the tree-level
decay mode H → WW ∗ opens does this suppression van-
ish. More subtle effects occur for the loop–induced decay
H → γγ. The partial widths for H → γγ and H → gg

mH 115 200

AW −8.0321 −9.187 − 5.646i

At 1.370 1.458

Au4
1.344 1.367

Ad4
1.349 1.382

A!4 1.379 1.491

TABLE II: The dominant form factors for the decay H → γγ
and H → gg according to Eq.(10) for the parameter points (a)
and (b). For H → gg just the quark loops contribute. The
form factors are obtained from a modified version of Hde-
cay [37].

can be written as [32]

ΓH→γγ =
Gµα2m3

H

128
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NcQ
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∣

∣

∣

∣
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3
H

36
√

2π3

∣

∣

∣

∣

∣

∣

3

4

∑

f

Af (τf )

∣

∣

∣

∣

∣

∣

2

. (10)

where Af and AW are the form factors for the spin- 1
2

and
spin-1 particles respectively. These form factors are

Af (τ) = 2 [τ + (τ − 1)f(τ)] τ−2

AW (τ) = −
[

2τ2 + 3τ + 3(2τ − 1)f(τ)
]

τ−2 (11)

with τi = m2
H/4m2

i , (i = f, W ) and f(τ) defined as the
three–point integral

f(τ) =











arcsin2√τ τ ≤ 1

−1
4

[

ln 1 +
√

1 − τ−1

1 −
√

1 − τ−1
− iπ

]2

τ > 1
(12)

From the numbers given in Table II we see that the
ggH coupling indeed consists of nearly identical contri-
butions from the SM top quark and the two additional
fourth–generation quarks. In particular, the contribu-
tions of the fourth–generation quarks in the parameters
points (a) and (b) are well described by the decoupling
limit in which we estimated the enhancement of the Higgs
production rate as a factor of 9. For a 200 GeV Higgs we
start to observe very small top–mass effects. This means
that the enhancement factor in σgg slowly decreases from
8.5 to 7.7 for Higgs masses between 200 and 300 GeV. Of
course, this scaling factor breaks down for the top thresh-
old region around 350 GeV and subsequent heavy-quark
thresholds. This corresponds to the absorptive imaginary
parts of the Ai listed in Table II.

In the Standard Model the Higgs decay to photons is
dominated by the W loop, which destructively interferes
with the smaller top–loop. In Table II we see how in
the fourth–generation model all additional heavy parti-
cles contribute to the loop. For a light Higgs boson this
implies a suppression of the branching ratio BR(γγ) by

5

Loop induced gluon and gamma widths
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7 TeV LHC MSSM Higgs Reach
P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354

Suppression of

leads to reduced
reach at low values 
of the CP-odd Higgs 

mass

BR(h → γγ)

At sufficiently
large luminosity

are helpful in 
partially reducing

the reach suppression

V h, h → bb

WBF, h → ττ

Figure 1: Top row: Estimated median LHC reach for the light, SM-like Higgs boson in the

minimal mixing (left) and maximal mixing (right) benchmark scenarios of the MSSM

with 5 fb
−1

/experiment. Middle (Bottom) row: same, with 10 (15) fb
−1

/experiment.

4

mh � 115GeV mh � 130 GeV

Significance(σ) = 2/R
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Tevatron Reach

More than 2 standard deviations in most of the
parameter space  

Conservative Estimate of 10 inverse fb combination 
of the two Experiments data
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The LHC sensitivity is somewhat 
complementary to that of the 
Tevatron, which becomes more 
sensitive for low Higgs masses.  

Combination of data from  
experiments at the end of 2011 
may be useful to find evidence 
for Higgs at an early stage. 

Combination of 5 inverse fb LHC with 10 inverse fb Tevatron data :
Evidence of SM-like Higgs presence in almost all parameter space

M. Carena, P. Draper, T. Liu, C.W.’11

Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

P. Draper, T. Liu and C. Wagner’09

Figure 6: Estimated median combined Tevatron+LHC reach for the light, SM-like Higgs boson

in the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM. Top: 5 fb
−1

/experiment for the LHC, 10 fb
−1

/experiment for the Tevatron;

Bottom: 10 fb
−1

/experiment for both the Tevatron and LHC.
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Non-Standard Higgs Production

Associated Production

Gluon Fusion

gAbb � gHbb �
mb tanβ

(1 + ∆b)v
, gAττ � gHττ �

mτ tanβ

v

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, hep-ph/0603112
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Radiative Corrections to Flavor Conserving Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections. 

 

• The radiatively induced coupling depends on ratios                                   
of  supersymmetry breaking parameters

L = d̄L(hdH
0
1 + ∆hdH

0
2 )dR

∆b

tanβ
=

∆hb

hb
� 2αs

3π
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Figure 1: SUSY radiative corrections to the self-energies of the d-quarks

We show that the usual approach of calculating tanβ enhanced FCNC (Flavor Changing
Neutral Currents) effects in the Kaon sector does not agree with the exact results one finds
in the limit of flavor independent masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit. Finally we study the effects of the
phases of M1, M2, M3 and µ on ∆Ms, BR(Bs → µ+µ−) and εK in the cases of uniform and
split squark spectra.

We shall emphasize the implications of the present bounds on BR(Bs → µ+µ−) for future
measurements at the Tevatron collider, both in Higgs as well as in B-physics. In particular,
we shall show that the present bound on BR(Bs → µ+µ−) leads to strong constraints
on possible corrections to both ∆Ms and the Kaon mixing parameters in minimal flavor
violating schemes. Moreover, we shall show that this bound, together with the constraint
implied by the measurement of BR(b → sγ) leads to limits on the possibility of measuring
light, non-standard Higgs bosons in the MSSM.

This article is organized as follows. In section 2, we define our theoretical setup, giving
the basic expressions necessary for the analysis of the flavor violating effects at large values
of tan β. In particular, we show how the first order perturbative expressions in the CKM
matrix elements are inappropriate to define the corrections in the Kaon sector where higher
order effects need to be considered. In section 3 we show the implications of the constraint
on BR(Bs → µ+µ−) for the mixing parameters of the Kaon and B sectors in the large tanβ
regime. In section 4, we explain the implications for Higgs searches at the Tevatron. We
reserve section 5 for our conclusions and some technical details for the appendices.

2 Theoretical Setup

2.1 The resummed effective Lagrangian and the sparticle spec-
trum

The importance of large tan β FCNC effects in supersymmetry has been known for sometime.
The finite pieces of the one-loop self energy diagrams lead to an effective lagrangian for the

2

tanβ =
v2

v1

Xt = At − µ/ tanβ � At ∆b = (Eg + Eth
2
t ) tan β

Friday, August 19, 2011 Resummation : Carena, Garcia, Nierste, C.W.’00
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σ(bb̄A)×BR(A→ bb̄) � σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) � σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production channels 
associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by D. 
Noth and M. Spira, arXiv:0808.0087
Further work by Muhlleitner, Rzehak and Spira, 0812.3815
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Complementarity with LHC non-standard Higgs searches

Non-standard Higgs searches allow to probe part of the parameter space for which 
standard reach is suppressed.  An excess at small CP-odd Higgs masses would mean a 

weaker reach for SM-like Higgs boson

M. Carena, P. Draper, T. Liu, C.W.’11
Figure 7: LHC reach for the light, SM-like Higgs boson and the nonstandard Higgs states in

the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM.

A second approach to studying the low mA parameter space is given by the LHC

searches for the nonstandard Higgs bosons H and A in their decays to τ leptons [16, 17].

These channels are most effective at low mA, where both H and A are lighter and easier

to produce, and at large tan β where the production in association with bottom quarks is

proportional to tan
2 β.

In Fig. 7 we overlay the estimated reach for the neutral MSSM Higgs bosons with

nonstandard gauge couplings in the maximal and minimal mixing scenarios. The 95% CL

limit is derived from the expected limits given in the recent CMS H/A → ττ search [17]

with 1.1 fb
−1
, using the tree-level approximation that the reach in tanβ scales like L1/4

and the useful property that the nonstandard Higgs expected reach is robust against

changes in the soft parameters [29] (although some weak dependence on µ can appear for

large values of µ [30].) This demonstrates the complementarity of the two types of Higgs

searches at the LHC: a statistical combination of the channels should be able to test the

parameter space of the model, even though none of the particles h,H,A can necessarily

be probed on all of the model space.

In the regions of parameter space for which the SM-like Higgs bottom and tau couplings

are suppressed, analyzed in the small-αeff scenario of Fig. 4, the LHC will also be able to

test the nonstandard Higgs sector. In fact, almost all of the interesting parameter space

of this particular model is already ruled out with the first 1.1 fb
−1

of data. This is shown

in Fig. 8, where the current CMS 95% CL limit on the CP -odd Higgs mass is drawn as

a dashed line. For the specific point we analyzed, the current bounds already heavily

constrain the region of parameters for which the branching ratio BR(h → γγ) may be

enhanced, leaving only a small window around tan β ∼ 10 and mA ∼ 100 GeV. This is

a generic feature. In Fig. 8 we also show the projected reach of the H/A → ττ channel

with 5 fb
−1

per experiment. Based on these results, we find that with the acquisition

9
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Higgs Couplings to fermions

• At tree level, only one of the Higgs doublets couples to down-quarks 
and leptons, and the other couples to up quarks

• Since the up and down quark sectors are diagonalized 
independently, the interactions remain flavor diagonal. 

• h is SM-like, while H and A have enhanced couplings to down quarks

L = Ψ̄i
L (hd,ijH1dR + hu,ijH2uR) + h.c.

d̄L
m̂d

v
( h + tanβ (H + iA)) dR + h.c.

Friday, August 19, 2011
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